Previous studies have demonstrated in both mammalian and yeast systems that TS activity is higher during DNA replication and decreases when cells are non-dividing (Conrad, 1971; Maley and Maley, 1960; Navalgund et al., 1980; Storms et al., 1984) . Other studies have shown that, while increased TS activity correlates with the DNA synthetic phase, this increase is not blocked by inhibitors of DNA synthesis (Jenh et al., 1985) . This suggests that, while TS activity may be associated with proliferation, its regulation may be independent of DNA synthesis and cell cycle phase.
More recent studies have demonstrated that TS enzyme levels rise acutely when cells are exposed to cytotoxic agents such as 5-FU (Chu et al., 1990 Recently, we have developed several monoclonal antibodies to human TS that are highly specific and detect TS in the cytoplasm of tumour cells and tissue (Johnston et al., 1991 (Johnston et al., , 1992 . These antibodies have facilitated the study of TS in cell lines and human tissues and have allowed TS to be measured within individual cells. We have also demonstrated that increased TS protein levels predict for poor clinical outcome in patients with rectal cancer (Johnston et al., 1994) . This may be the result of the association of TS protein levels with cellular proliferation.
The purpose of this study was to analyse cell cycle variations in TS levels during the various cell cycle phases and proliferation to determine its association with DNA synthesis and S-phase in asynchronously growing tumour cells. Thymidine kins assay Thymidine kinase was assayed as previously described by Ives et al. (1969) . The reaction mixture consisted of 1O mM ATP, 1O mM magnesium chloride 50 mM Tris-HCI pH 7.5, 15 mM sodium fluoride 0.1ILCi [3HJthymidine (Moravek 20Ci mmol'), 511M unlabelled thymidine, 1-20 1l of cell lysate in a total volume of 50 p1. The reaction was allowed to proceed for 30 min at room temperature and stopped by boiling for 60 s. The reaction as measured was linear with time, and the rate was proportional to the lysate volume used. The assay mixture was spotted onto a 2.5 cm DE 81 ion-exchange disc (Whatman). After 10 min the disc was washed with three changes of distilled water, 30 ml per disc, and then placed in scintillation vials containing 1 ml of 0.1 M hydrochloric acid-0.2 M potassium chloride, and the vials were gently shaken for 20 min. Scintillation fluid was added and samples counted in a scintillation counter. The values were expressed as pmol min-' mg-' cytosol protein.
Cell cycle distribution One to two million cells were resuspended in 0.7 ml of icecold PBS and fixed by adding 1.3 ml of 95% ethanol with 0.5% Tween 20 drop wise to the cell suspension with gentle vortex mixing. The cell suspension was kept at 4 C overnight. Cells were washed once in PBS and resuspended in 0. Time (h) 120. 144. 168. 192. 240 and 288) . Immunoblot analysis revealed a 14-to 24-fold variation in TS protein levels from peak exponential growth phase to confluent growth phase in the three cell lines. TS levels were maximal after 48 h of growth and reached the lowest level after 120h (Figure 1 ). The drop in TS from the maximal to the lowest basal level occurred over a brief period of time (48 h) between hours 72 and 120. Similar variations in TS protein levels and TS activity over time were also detected using the FdUMP binding and the dUMP catalytic assays respectively (Figure 1 ). Comparing all three methods. the differences between the maximum and minimum TS level were 14-to 17-fold in the H630 colon cancer cell line. 15-to 23-fold in the HT 29 colon cancer cell line and 19-to 24-fold in the MCF-7 breast cancer cell line (Table 1 ). The change in TS levels was paralleled by similar variations in the distribution of cells through the cell cycle (Figure 2) . The peak percentage of S-phase cells was reached after 24-48 h of growth and decreased 6-to 10-fold after 120 h. Thus. increased TS levels were associated with increased DNA sxnthesis. Figure 3 and summarised in Table II Ki-67 staining of exponential versus confluent NCI H630 cells. In the confluent population (6 days after plating) the Ki-67 staining shows a two-peak configuration, being absent in part of the cells (26%) and low in the remainder of the cells (left tall peak). By contrast, in the exponentially growing population (48 h) 98% of cells stain positive for Ki-67 and staining intensity is 4-fold higher (right broad tall peak).
variations in TK could be detected in these asynchronous cells. In contrast to TS activity, TK activity was 4-fold higher in S-phase than in GO/GI phase cells (Table IV) .
TS analysis in sorted confluent cells We analysed TS in sorted GD/GI, S and G2/M populations from NO H630, HT 29 and MCF-7 cells grown to full confluence and from NC H630, HT 29 and MCF-7 cells grown in 0.5% bovine calf (Figure 4 , lanes 4 and 5).
Separating GOfrom G, phase using Ki-67
Ki-67 is a nuclear antigen expressed in proliferating cells (G1, S and G2/M phases) but not in quiescent cells (Go) (Gerdes et al., 1984; Baisch and Gerdes, 1987 (Conrad, 1971; Conrad and Ruddle, 1972 (Conrad. 1971: Conrad and Ruddle. 1972) . To demonstrate a specific relationship between TS and S-phase. it is necessary to show an oscillatory pattern of TS through the cell cycle including a decrease of TS at the end of S-phase. To accomplish this. investigators have used chemical synchronisation of cells and sorting of cells into subpopulations. In studies by Conrad using colcemid synchronisation and the dUMP catalytic assay. a 1.8-fold increase in TS was noted between GI and S phase (Conrad. 1971) . Using elutnration of L1210 mouse leukaemia cells. Cadman and Heimer (1986) have published results on the relation between TS levels and cell cycle phases. The differences in TS measured between early (ennrched for G1 phase cells) and late (enriched for G. M phase cells) elutriation fractions were 1.7-fold at replating. 1.2-fold during exponential growth and 1.5-fold in plateau phase. The levels of TS in the mid-fractions (enriched for S-phase cells) were less than the levels in the later (G. M) elutriation fractions. The investigators suggested that the real differences in TS between the phases could be underestimated. since the elutriation procedure resulted in imperfect cell cycle phase separation. Our two-parameter flow. Western immunoblot and biochemical analysis of TS found similar differences between Go GI and S or GI M phases. and suggests that the data of Cadman and Heimer (1980) demonstrating a lack of association between cell cycle and TS levels were real and not an artifact of imperfect separation of cell phases.
Other investigators have used isoleucine deprivation or hydroxyurea to synchronise cells, including L1210 mouse leukaemia cells (Rode et al., 1978) and Chinese hamster embryo fibroblasts (Reddy. 1982) . In those studies cultures were followed for 12 h after release from these inhibitors. Using an in situ tritium-release assay. those investigators found an immediate rise of more than 12-fold (Rode et al.. 1978) and 8-fold (Reddy. 1982) in TS activity within 1 h after release from synchrony. A 4-fold (Rode et al.. 1978 ) and 10-fold (Reddy. 1982) drop in TS activity was noted at the end of S-phase 6-8 h later. These studies failed to demonstrate any variation in TS levels in cellular extracts using the radiolabelled FdUMP binding assay during the period of time assayed (Rode et al.. 1978 : Reddy. 1982 . Xu and Plunkett (1993) have recently demonstrated that the in situ radiolabelled dUMP assay is subject to changes in apparent TS activity resulting from variations in dUMP activity by TK. Thus. differences between the in situ dUMP and radiolabelled FdUMP binding TS assays may be the result of an association of TK rather than TS wvith cell cycle phase. Keyomarsi et al. (1991 Keyomarsi et al. ( . 1993 ) synchronised MCF-7 cells using lovostatin and demonstrated large TS protein oscillations (10-to 20-fold) with cell cycle phase after release from synchrony using the FdUMP binding assay. This study suggested that in synchronised cells there is a specific association of TS with S-phase. since TS not only increases with entry into S-phase. but also decreases significantly when cells exit S-phase. The variations in TS noted in this study are in contrast with our data. but may be the result of the method of synchronisation using lovostatin.
We have previously reported that the TS protein half-life is 26 h in the NCI H630 cells (Chu et al.. 1993 
